In order to study the influence mechanism of nanoparticles on the dielectric properties of epoxy resin materials for composite insulators under different nanoparticle filling amounts, the free volume, dielectric relaxation, breakdown strength and trap distribution of the samples were tested by positron annihilation lifetime spectroscopy, breakdown strength, broadband dielectric spectroscopy (BDS) and thermally stimulated current (TSC). The results show that the limiting effect of nanoparticles rapidly reduced the number of traps in the amorphous zone of materials at a low filling amount. As a result, the free path of carriers was increased and the concentration of free volume was decreased, which can limit the injection and transportation of carriers, resulting in the increase of material breakdown strength. At a high filling amount, a large number of interfacial deep traps were introduced into the nanoparticles, and the carrier free volume concentration and size were reduced. The traps inside the material were mainly interfacial deep traps. Under the action of an external electric field, a hetero polar charge was formed on the other end to cause electric field distortion, thus the breakdown field strength of the material was weakened.
Introduction
Epoxy resin is widely used in ultra-high voltage power equipment and the aerospace eld due to its excellent short-time breakdown and long-term damage performance. 1 With the development of UHV engineering, pure epoxy resin can no longer meet the needs of the power industry. Seeking new materials or modifying existing materials has become a research hotspot at home and abroad. [2] [3] [4] [5] [6] [7] [8] [9] [10] A large number of studies have shown that the addition of nanoparticles can enhance the electrical properties of the polymer. [3] [4] [5] [6] [7] [8] [9] [10] Takada found that the addition of nano MgO to LDPE can inhibit the accumulation of space charge by adding more deep traps; 8 Xilin Wang found that epoxy resin exhibits nonlinear resistance characteristics above 4000 V cm À1 which can effectively improve the electric eld distortion phenomenon. 10 Du Boxue found that the addition of nano SiO 2 to RTV has a signicant inhibitory effect on the growth of electric branches. 9 However, the mechanism for the interaction between nanoparticle and polymers is not clear. At present, the consensus point of most researchers is that nanoparticles produce a large number of interfaces in the polymer, and these interfaces affect the dielectric properties of the materials by storing and transporting charge. [11] [12] [13] In the past decade, researchers had tried to establish various models to explain the dielectric constant, dielectric loss, space charge, conductance, breakdown, electric tree and corona resistance of nanocomposite dielectrics. [14] [15] [16] Typical models include the single-layer structure model proposed by Lewis, 14 the multi-core model proposed by Tanaka et al. 15 and a model towards understanding the physics proposed by Linda Schadler. 16 These models have laid a solid foundation for understanding the dielectric properties of polymer nanocomposite dielectrics.
Nano ZnO is a multifunctional inorganic nanoparticles with a particle size ranging from 1 nm to 100 nm. Due to the grain renement, nano ZnO has some prominent physical and chemical properties. 17 At present, nano ZnO has been used as catalysts, gas sensors, semiconductors, varistors, piezoelectric devices, antibacterial and bactericide, eld-emission displays and UV-shielding materials. [18] [19] [20] [21] [22] [23] However, there are still few studies on the electric properties of epoxy resins by adding nano ZnO. In this paper, the mechanism of interaction between nanoparticles and polymers was described by studying the improvement of electrical properties of epoxy resin by adding nano ZnO.
In this paper, nano ZnO was used as the modied ller, and the surface is treated with silane coupling agent (KH-560) to improve its dispersibility in epoxy. The modication mechanism of nanoparticles on epoxy resin was analyzed by measuring the breakdown voltage, dielectric constant, dielectric loss, thermally stimulated current, space charge and free volume of nanocomposites. The study can provide a theoretical basis for the development of nanocomposites interface models.
Experimental

Materials
Bisphenol A diglycidyl ether was used as a base resin whose trade name was Araldite E-51 (Shenzhen Jitian Chemical Co., Ltd.). Its equivalent weight was 184-194 g eq. À1 and the viscosity was 11 000-15 000 mPa s at 25 C. Aliphatic modied amine curing agent T-31 was provided by Shenzhen Jitian Chemical Co., Ltd. The nano ZnO, with an average particle diameter of 50 nm, was supplied by Dingxin Wear-Resistant Metal Materials Co., Ltd, China, and dried at 100 C in vacuum for 1 h before using. Acetone and silane coupling agent KH-560 were purchased from Guangzhou Congyuan Instrument Co., Ltd, China.
Sample preparation
The nanocomposites were prepared as follows. Before mixed with the epoxy resin, the nanoparticles were dissolved in acetone with adding 1% weight of silane coupling agent, then dispersed by ultrasonic disperser for 30 minutes. For the uniform dispersion of the llers in the epoxy resin matrix, two different types of processing techniques, namely mechanical mixing and sonication, were applied. The acetone was removed before adding the curing agent. Then the mixture was evacuated and poured into a preheated mold to accelerate the gelation. The weight proportions of nano ZnO were 0.1, 1, 2.5 and 5%, named # 1, # 2, # 3 and # 4, respectively. Specimens of pure epoxy resin named # 0 were also prepared for the purpose of comparison. Before the experiment, the specimens were rstly wiped with pure ethanol and then dried in a desiccator at room temperature for over 24 hours.
Characterization
AC breakdown studies.
Experiments were performed on ve nanocomposites. A set of 3 samples were tested to evaluate the breakdown voltage at room temperature. The electrodes used for the experiments were 25 mm in diameter. The vessel containing transformer oil was used to avoid surface ashover. AC voltage was rised at the rate of 0.5 kV s À1 . The AC breakdown stress was evaluated using the equation E ¼ V/d, where V is the puncture voltage and d is the thickness of the sample in the puncture point. In this test, the thickness of each sample is 1 mm.
2.3.2 Free volume studies. A fast slow coincidence positron annihilation lifetime spectrometer was used, and the 22 Na radioactive source was used as the positron source, the source intensity was about 13 microcurie. Two identical samples were clamped to the sides of the 22 Na source to form a "sandwich" structure. The detector is a pair of BaF 2 probes with a time resolution of approximately 210 ps and a test temperature of room temperature. For the PALS test results, the three lifespan is used for tting.
2.3.3 Thermally stimulated current (TSC) studies. The epoxy resin sheet with a thickness of 1 mm and a diameter of 50 mm and the nanocomposite epoxy sheet were vacuum vaporized with an Au electrode with a diameter of 20 mm on both sides. Then the samples at 100 C for 24 h vacuum drying. The experiment was carried out on a thermally stimulated current tester (Novocontral winTSC2.0) made by German Novocontral company, with voltage ranging from À1000 V to 1000 V and temperature ranging from À100 C to 250 C. The sample was loaded between the upper and lower electrodes of the measuring device for experiment. Experiment process: rst, heating the sample temperature up to 100 C. Second, the sample was subjected to a DC voltage of 500 V and kept warm for 30 min. Then the sample was cooled to À100 C with liquid nitrogen, keeping the voltage constant. Before conduct isothermal short-circuit on the sample for 2 min, remove the polarization voltage. Until current attenuation to close to zero, the sample was heated at a heating rate of 5 C min À1 . The discharge current was measured as a function of temperature (TSC spectrum).
2.3.4 Dielectric spectrum studies. Frequency domain dielectric spectroscopy studied the internal microstructure of materials by measuring the dielectric constant and loss of dielectric materials under alternating electric elds at different frequencies. In this paper, the dielectric response of ve ZnO/ epoxy nanocomposites were studied by ALPHA-ANB type broadband dielectric spectrometer produced by Guangzhou Huayu Electronic Service Co., Ltd. The instrument can measure the dielectric properties of materials in the range of temperature at À150 C to 350 C and frequency at 10 À6 to 10 9 .
2.3.5 Scanning electron microscopy (SEM) study. Scanning electron microscopy (SEM) study was used a Zeiss Sigma 500 instrument made by German Zeiss Company. The samples were gold-coated with an IB-3 ionic sputtermeter. Fig. 1 shows a scanning electron microscopy (SEM) image of freeze-fractured nanocomposite samples with 1% and 5% weight of nano ZnO. The image clearly indicates that nano ZnO particles were protruded out of the fracture surface of the samples. The distribution was satisfactory as the particles were isolated and scattered uniformly in the matrix at 1% lling amount, while agglomeration occurred at 5% addition.
Results and discussion
Morphology analysis of nanocomposites
Breakdown voltage of nanocomposites under different lling amounts
The Weibull distribution was proposed by the Swedish physicist Weibull in 1939 and applied to fatigue testing. It reected the probability of a material being broken down at a certain electric eld strength E or the probability of failure at a certain time t. The Weibull distribution was widely used to evaluate the statistical law of the breakdown behavior of insulating materials under alternating electric elds. [24] [25] [26] The expression of the twoparameter Weibull distribution was showed as follow:
where P(E) was the cumulative failure probability; E was the breakdown eld strength of samples; b was the shape factor characterizing the degree of data dispersion; E 0 was the breakdown eld strength at P(E) ¼ 63.2%, also known as Weibull breakdown eld strength. The linear regression equation of logarithm of eqn (1) was obtained as follow:
For each determined value of E, the value of P(E) can be calculated by eqn (3).
where i was the number of measurements in the ascending order of E; n was the total number of tests per sample, and each sample in this experiment was tested 9 times. The breakdown characteristics of all samples are presented in Fig. 2 . It can be seen that the breakdown strength of epoxy resin enhances rst and then weakens with the increase of the content of nano ZnO. The calculation results of Weibull parameters are listed in Table 1 . Coppard believes that the value of b can be used to evaluate the defects in the insulating material matrix and the distribution of lling particles. 27 The larger value of b, the better dispersion of the inorganic phase in the polymer. The dispersibility of nanoparticles decreases greatly due to agglomeration at the addition amount of nanoparticles reaches 5%, while the dispersibility of nanoparticles is good at low addition amount. When the addition amount of nanoparticles is 1%, the breakdown strength of the material is the highest, reaching 31.83 kV mm À1 , 15.6% higher than that of the pure epoxy resin. Table 2 shows the free volume pore radius and concentration of epoxy resin material at different nano ZnO lling amount. Where the shortest lifespan s 1 mainly stems from p-Ps annihilation; the second longevity component s 2 derives from the annihilation of positrons in polymer body; and the long-life component s 3 stems from the annihilation of o-Ps, which is related to free volume in the polymer, and its strength I 3 reects the concentration of the free volume of the polymer. 28 As can be seen from Table 2 , s 3 value of pure epoxy resin is 1.691 ns and I 3 value is 33.7%, which corresponds to the quenching of the positron in the free volume of the epoxy resin. The free volume of the nanocomposite epoxy resin decreases with the increase of the lling amount of the nano ZnO. However, at the low lling amount, the free volume of the modied epoxy resin is larger than that of the pure epoxy resin, but less than that of pure epoxy at a lling amount of more than 2.5%. It may be that the nanoparticles agglomerate in the epoxy resin matrix with the increase of the lling amount of nanoparticles. o-Ps not only annihilate in the epoxy resin matrix, but also annihilate in the aggregated nanoparticles. Therefore, the change of s 3 is small at low amount of addition, while s 3 decreases rapidly at high amount of addition.
Free volume test
In polymers, positron annihilation is characterized by the formation and annihilation of positronium, which is closely related to free volume. Based on the innite deep spherical potential well model of free volume, the relationship between s 3 and the free volume radius R is expressed by the following formula:
where the units of s 3 and R are ns and nm, respectively. The
In the polymer, R 1 ¼ 0.1656 nm. The free volume fraction can be expressed as:
where
f is the real free volume fraction, C is a constant, which can be determined experimentally. In some studies, variation of the relative free volume fraction is sufficient for analysis. There is no need to know its absolute value. Fig. 3 shows that the free volume fraction shows an overall signicant decline with the increase of ZnO nanoparticles. When the amount of nano ZnO reaches 5%, f v decreases from 2.33% to 2.21%. Nanoparticles may have two states in the polymer matrix, namely dispersion state and aggregation state, while the complete dispersion of nanoparticles in the polymer matrix is an ideal state, so the actual situation should be the coexistence of two states. At low addition amount, the dispersed state is much higher than the aggregation state, and a large number of interfaces are formed between the nanoparticles and the polymer matrix. As a result, more positrons are captured by the interface, and no o-Ps is formed, so there is a signicant decrease in I 3 . When the nanoparticles are further increased, the interface volume increases less due to the formation of aggregation state. However, on the other hand, the interaction between nanoparticles and the polymer chain segment limits the movement of the polymer chain and reduces the free volume concentration. S. J. Wang et al. pointed out in their study of micro CaCO 3 /HDPE composites that the interaction between polymer chain segments and lling particles could slow down the movement of polymer chain segments and reduce the free volume concentration. 29 Compared with micron particles, nanoparticles have larger specic surface area and higher surface activity. Under the action of coupling agent, they have stronger interaction with polymer chain segments and stronger action of restricting chain movement. Therefore, the combined effect of multiple actions can signicantly reduce the free volume fraction. Fig. 4 shows the effect of nano ZnO content on the dielectric constant of the EP/ZnO nanocomposites. It can be seen that the dielectric constant of pure epoxy resin in the whole frequency band (10 À2 to 10 7 Hz) is higher than that of nanocomposites. At low frequencies (10 À2 to 10 À1 Hz), the dielectric constant decreases with the increase of the content of nanoparticles. However, at middle and high frequencies (10 2 to 10 6 Hz), the dielectric constant of nanocomposites with low addition amounts is the smallest. There are several reasons for this phenomenon. First of all, the lling of nanoparticles introduces many interfaces, and these interfaces can limit the movement of the epoxy chain, resulting in the decrease of dielectric constant. Secondly, the addition of nano ZnO also leads to interfacial polarization, also referred to as the Maxwell-Wagner-Sillars (MWS) effect. According to the theory of dielectric, interface polarization appearing in low-frequency region (1 to 10 3 Hz), can make the dielectric constant of sample increases. However, the experimental results of test samples are reecting that the dielectric constant of modied EP samples is lower than the unmodied EP samples, it proves that the limiting effect of the interface on the polymer molecular chain is greater than the interfacial polarization at low addition amount. At the test frequency ranging from 10 3 to 10 7 Hz, the dielectric constants of the same group of modied EP samples are not signicantly different from each other, but still lower than the pure EP, which also proves that two phase interface between nano particles and matrix can block the orientation movement of matrix polar group under applied electric eld orientation. Fig. 5 shows the dielectric loss of the neat epoxy and the ZnO/ epoxy nanocomposites from 10 À2 Hz to 10 7 Hz. Nanocomposites with 0.1% addition of nanoller show the same trend with pure epoxy resin. At low frequencies, dielectric loss of epoxy resin decreases with the increase of the lling amount of nanoparticles. However, at high frequencies (>100 Hz), it can be seen that the effect of the content of nano ZnO on the dielectric loss of the composite medium can be ignored. The dielectric loss tends to increase progressively when the frequency is above 10 5 Hz with the content of ZnO increasing. Moreover, a dielectric loss peak appears in the high frequency band, which may due to the high surface energy of the nanoparticles can absorb the free polar molecules in the matrix and the interface dipole polarization increases with the increase of the interface area. As the electric eld frequency increases, the dipolar groups nd it difficult to complete the polarization, and increase the effect of polarization relaxation increase which can increase the dielectric loss of the nanocomposites.
Dielectric properties study
Trap properties of nanocomposites
According to TSDC theory, the thermally stimulated current caused by the trap can be expressed as the following formula: 30
ð Ec Ev f 0 ðEÞN t ðEÞe n ðE; TÞ e À 1 b Ð T T 0 e n ðE; TÞdT dE (6) where e is electronic charge quantity, f 0 is the initial occupancy of a trap level and is a constant, E is the trap depth. e n (E,T) ¼ v exp(ÀE t /kT) is the emission rate of electrons at trap level E and temperature T. k is the Boltzmann constant, d is the sample thickness and b is the heating rate. v is commonly called the frequency factor or attempt-to-escape frequency, typically 10 12 s À1 . E v and E c are the valence band top energy and conduction band bottom energy, respectively. And the amount of trap charge can be expressed as:
Fig . 6 shows the TSC curves of composites with different nano ZnO contents. The result shows that the depolarization current peaks of pure epoxy resins occurred in the range of 50-100 C and 100-140 C, respectively. The current peak at low temperature is mainly contributed by the charge decapitation in shallow traps, while the current peak at high temperature corresponds to the charge decapitation in deep traps. Aer adding nano ZnO into the epoxy resin, an interesting phenomenon appeared. The deep trap disappeared in the nanocomposites at a low amount (less than 1%), while the content of the deep trap increase rapidly with the increase of the nanoparticle content. The TSC data of the ve composites are substituted into eqn (6) and (7) to calculate the trap depth and charge amount of the two current peaks respectively. Q t is dened as the total trapped charge in the material. The data in Table 3 show that the amount of trap charge decrease rst and then increase rapidly with the increase of nano ZnO. There are a few physical and chemical defects in the pure epoxy resin, a small number of nanoparticles due to its good dispersion can repair some defects. With the increase of nanoparticles, nanoparticles will introduce a large number of traps as impurities because of agglomeration occurs between the particles. Moreover, the increase of nanoparticles rapidly increases the volume of the internal interface of the material, which can capture a large number of space charges and form a large number of traps.
It was a common understanding that there are deep traps in the interface of nanocomposite media. Lewis 14 and Tanaka 15 proposed two different interfacial models of nanocomposite media based on colloidal chemistry and electrostatics respectively, while Tanaka proposed a more complex multi-core model considering the possible relationship between surface-treated nanoparticles and polymer matrix. However, the physical basis of the electric two-layer hypothesis superimposed on the multi-core layer was consistent with Lewis. These models all emphasized the binding effect of interface on charge. The difference between Lewis and Takada's interface model lied in the different formation mechanism of the interface trap, but what they have in common was that there were a large number of deep traps in the interface area. However, neither interface model is associated with the free volume in the composite, the discussion on how free volume and interface trap affect the electrical properties of the composite is discussed below (Fig. 7 ).
Modication mechanism analysis of nanocomposites
According to the trap theory of solid media, the energy band of the medium was inclined under the action of the applied electric eld. The charge injected from the electrode can pass through Schottky effect cross the barrier to the conduction band, or can tunnel through the trap under the Fowler-Nordheim effect. Because of the narrow width of the conduction band of the polymer medium, the electrons in the conduction band were trapped aer a short path. The relaxation time of the captured charge in the trap was determined by the trap energy level and density. The larger trap energy level and density, the longer the relaxation time would be. The carrier needed a longer time and had to overcome a larger trap potential barrier before it can be released. 31 The transport process of injected charge in the medium 32 included charge injection, migration, trapping, detrapping and recombination. The addition of nanoparticles changed the trap characteristics in the medium, affected the charge transport process, and thus changed the breakdown characteristics. 33 T. Tanaka proposed a multi-core model to explain the space charge characteristics of nanocomposites. The multi-core model divided the interface between nanoparticles and polymer matrix into three layers, namely, bonded layer, bound layer and loose layer. (1) Bonded layer: there are a large number of unsaturated bonds, hydrogen bonds and organic groups on the surface of nanoparticles modied by silane coupling agent, which can interact with polymer matrix molecules through covalent bonds, ionic bonds, hydrogen bonds and other chemical bonds. The interaction strength between nanoparticles and matrix molecules was affected by the properties of nanoparticles (surface energy, polarity, etc.) and matrix. The strength of bonded layer was the strongest. (2) The bound layer was mainly composed of molecular chains of the polymer matrix. The ordered arrangement of molecular chains in the bound layer were affected by the action intensity and action properties of the bonded layer. The binding strength of the bound layer was not as strong as that of the bonded layer, but the volume fraction of the bound layer was larger, which signicantly changed the crystal morphology of the material. Therefore, it can be considered that the bound layer was a region with higher crystallinity. (3) The loose layer was similar to the polymer matrix in nature, with molecular chains randomly arranged around the nanoparticles. The interaction between the loose layer and the particle surface was the weakest. Synthetically, as the distance from the surface of nanoparticles increased, the interaction between the nanoparticles and the matrix gradually weakened. Also, the trap energy level became shallower with the increase of the distance from the surface of the nanoparticles. Under the action of external applied electric eld E, the energy obtained by the carrier from the electric eld aer a certain distance l in the free volume area is E(x)l. If the energy enables the carrier to cross the trap potential barrier E a , the carrier will continue to migrate to the other end and forms a hetero polar charge. If the number of carriers with such sufficient energy continues to increase, the hetero polar charge near the electrode will increase, resulting in electric eld distortion.
TSC results show that the low addition of nanoparticles can reduce the number of traps in the material, while the high addition of nanoparticles shows the opposite trend. The trap density affects the dielectric constant to some extent, which corresponds to the dielectric spectrum of the composite above. The lling of nanoparticles will introduce a large number of interface traps, and its high surface energy will limit the movement of polymer molecular segments. As shown in Fig. 8 , the limiting effect of nanoparticles on polymer chain segments will reduce the trap density in the amorphous zone. At low lling amount, the distance between nanoparticles is larger than that between traps in pure epoxy resin, so the free volume becomes larger. Also, the free volume concentration is decreased due to the limitation of the movement of the polymer chain. As the number of nanoparticles increases, the spacing of nanoparticles decreases, and the free volume concentration and size decrease continuously. The decrease of the free volume radius is benecial to the improvement of breakdown strength. In addition, the effects of free volume and concentration on breakdown voltage should be combined with the trap density. Therefore, under the combined action of the free volume fraction and the trap density, the breakdown eld strength of nanocomposites increases rst and then decreases with the lling of nanoparticles.
Conclusion
Epoxy resin with high electrical properties was prepared by lling nano ZnO, and the present nanocomposite trap theory was improved. The specic conclusions are as follows:
(1) The breakdown eld strength of the epoxy resin increased rst and then decreased with the addition of nano ZnO, reached the maximum value of 31.83 kV mm À1 at the 1% lling amount. Due to the agglomeration phenomenon of nanoparticles at a high lling amount, resulting in the breakdown voltage at a 5% lling amount is not as good as that of pure epoxy resin.
(2) The lling of nanoparticles will introduce a large number of interfacial deep traps into the polymer. At low lling amount, nanoparticles mainly play a role in limiting the polymer chain, so the number and level of traps decrease rapidly. At high lling amount, the interfacial deep traps introduced by nanoparticles increase rapidly, resulting in the increase of density and energy level of traps. At a low lling amount, the limiting effect of nanoparticles rapidly reduced the traps in the amorphous zone. As a result, the free path of carriers was increased and the concentration of free volume was decreased, which can limit the injection and transportation of carriers, resulting in the increase of material breakdown strength. At a high lling amount, a large number of interfacial deep traps were introduced into the nanoparticles, the carrier free volume concentration and size were reduced. The traps inside the material were mainly interfacial deep traps. Under the action of external electric eld, hetero polar charge was formed on the other end to cause electric eld distortion, thus the breakdown eld strength of the material was weakened.
